compared to wild-type mice with the same background (Turek et al., 2005) , and obesity is facilitated with an ob mutation in Clock-mutant mice compared to ob/ob mice (Oishi et al., 2006a (Oishi et al., , 2006b ). On the other hand, Clock-mutant mice with a Jcl:ICR background show less obesity on a high-fat diet compared to wild-type mice on the same diet (Oishi et al., 2006a (Oishi et al., , 2006b . Thus, in addition to Clock mutation, different background strains (C57BL/6J or ICR) may be an important factor in lipid metabolism and obesity.
The role of clock genes and clock-controlled downstream genes is well characterized in adipose tissue (Zvonic et al., 2006) . For instance, the Bmal1 gene is reported to facilitate lipogenesis and adipocyte differentiation (Shimba et al., 2005) . But in liver tissue, the role of clock and clock-controlled genes in lipid metabolism has yet to be fully understood. In this experiment, we used Clock-mutant mice with an ICR background strain. Microarray analysis has identified putative CLOCK target genes in the liver of this mouse strain that encode key physiological molecules related to lipid metabolism (Oishi et al., 2003) .
Thus, we examined whether Clock-mutant mice on a high-fat diet would exhibit abnormal lipid metabolism and lipogenic gene expression in the liver compared to wild-type mice on the same diet.
MATERIALS AND METHODS

Animals and Housing
Clock-mutant mice were purchased from The Jackson Laboratory (stock no. 002923, Bar Harbor, ME). These mice, originally with the Clock allele on a C57BL/6J background, were backcrossed using a Jcl:ICR background more than 8 times. Clock-mutant mice were heterozygous, and genotypes were determined using PCR. We used 6-to 8-week-old female wild-type (Clock +/+) and Clock-mutant mice (Clock -/-) that were isogenic siblings born in the same litters.
We wanted to use Clock-mutant mice with a C57BL/6J background, but we could not. We initially conducted a study using these mice and were able to publish our previous article (Udo et al., 2004) . After the initial article was published, however, the Clockmutant mice with a C57BL/6J background died in their infancy because the dams did not care for them (Miller et al., 2004; Dolatshad et al., 2005; Kennaway et al., 2005) . Thus, we ended up using Clock-mutant mice with an ICR background for the current study.
Mice were maintained on an LD cycle (12 hours light, 12 hours dark with lights on at 8:00 a.m., room temperature of 23 ± 1 °C) and provided with a standard diet (Oriental Yeast Co., Ltd., Tokyo, Japan) and water ad libitum. During the light period, light intensity was 100 to 150 lux at cage level. Animal care and experiments were treated in accordance with the Regulations for Animal Experimentation at Waseda University (permission number: 05G19).
Wild-type (n = 30) or Clock-mutant mice (n = 30) were fed a normal or high-fat diet for 13 weeks. After 13 weeks, the liver and serum from each mouse were collected every 4 hours at ZT0, ZT4, ZT8, ZT12, ZT16, and ZT20 (ZT0 was lights-on and ZT12 was lights-off). In the dark period, samplings were performed under a dim red light (< 0.5 lux). Body weight (BW) was measured at the time when each mouse was sacrificed. In our acute feeding experiment, mice (wild type: n = 16, Clock mutant: n = 17) were fasted overnight and then fed a high-fat diet at ZT2 on the following day. Serum was obtained to measure triglycerides (TG) and free fatty acids (FFA), and liver tissue was dissected for TG content 0, 0.5, 1, and 3 h after mice were fed a high-fat diet.
Diet
The nutria composition of a standard diet is 6.1% carbohydrates, 23.6% proteins, and 5.3% lipids. Control mice were fed a standard mouse diet, and experimental mice were fed a high-fat diet (25% beef tallow, wt/wt added to the standard diet, Oriental Yeast Co., Ltd.). This feeding program was implemented for 13 weeks. RT-PCR was executed under the following conditions: cDNA synthesis at 42 °C for 15 min followed by 95 °C for 2 min, PCR amplification for 40 cycles with denaturation at 95 °C for 5 sec, and annealing and extension at 60 °C for 20 sec. The relative light unit of the PCR product of the target gene was normalized to that of β-actin.
A melt curve analysis was then performed.
Assay for Liver TG Content
An assay for liver TG content was performed based on the Yokode et al. method (Yokode et al., 1990) . The mice were anesthetized with ether and killed. From each mouse, 0.2 g of liver tissue was homogenized in a Polytron homogenizer with 4 mL chloroform/methanol (2/1, v/v), after which 0.8 mL of 50 mM NaCl was added. A sample (50 µL) of the organic phase was mixed with 7.5 mg of Triton X-100. After evaporation of the organic solvents, the lipid in the detergent phase was used to measure TG content with the Triglyceride E-test Wako (Wako Pure Chemical Industries, Osaka, Japan). Triolein was used as the standard.
Assay for Serum TG and FFA Concentration
Blood from each mouse (500-750 µL) was centrifuged, and serum was obtained. A sample (20 µL) of the serum from each mouse was used to obtain the TG and FFA concentration with the Triglyceride E-test Wako and NEFA C-test Wako (Wako Pure Chemical Industries), respectively. In assays for serum TG and FFA, triolein and oleic acid were used as the standards, respectively.
Oil Red O Stain of the Liver
To elucidate whether a high-fat diet led to higher lipid accumulation in the liver of Clock-mutant mice compared to wild-type mice, we examined the accumulation of lipids using the oil red O stain method. Mouse livers were fixed with 10% formalin and sliced in 10-µm sections with a cryostat (LEICA, Wetzlar, Germany). Next, the livers were washed in phosphate-buffered saline (PBS) solution for 30 sec, washed in 60% isopropyl alcohol for 1 min, and stained by oil red O for 10 min at 37 °C. Thereafter, slices were fractionated with 60% isopropyl alcohol for 2 min, washed with PBS solution for 2 min, and stained with hematoxylin for 5 min. After the 2-min wash in PBS solution, slices were colored with lithium carbonate for 30 sec, washed with PBS solution for 5 min, and coverslipped.
Statistical Analysis
The values are expressed as means ± standard error of the mean (SEM). For statistical analysis, 1-way or 2way analysis of variance (ANOVA) was applied, and post hoc analysis was followed by use of the Fisher probable least squares difference (PLSD) test or Student t test, corrected for multiple comparisons.
RESULTS
BW and Food Intake
We measured the weekly change in BW of wildtype and Clock-mutant mice fed either a normal or high-fat diet for 13 weeks. Under normal diet conditions, there were no differences in BW change between genotypes (repeated-measures ANOVA, p > 0.05, Fig. 1A ). Under high-fat diet conditions, Clockmutant mice were prone to show less obesity compared to wild-type mice, although the difference was not significant between the 2 genotypes (repeatedmeasures ANOVA, p > 0.05, Fig. 1A ). There were no differences in food intake between genotypes under normal (repeated-measures ANOVA, p > 0.05, Fig. 1B ) or high-fat diet conditions (repeated-measures ANOVA, p > 0.05, Fig. 1B ).
Liver TG, Serum TG, and Serum FFA Concentration
To examine the effect of Clock mutation on lipid metabolism, we measured the contents of liver TG and the concentrations of serum TG and FFA in Clock-mutant and wild-type mice. Wild-type and Clock-mutant mice were fed a normal or high-fat diet for 13 weeks, and then the liver and blood samples were collected every 4 h. Regardless of genotype or food conditions, there was no rhythm to the liver TG level ( Fig. 2A,B and Table 1 ). Under normal diet conditions, liver TG in Clock-mutant mice was significantly lower than that in wild-type mice ( Fig. 2C and Table 2 ). The daily levels represented the average of all animals' values for each treatment. Under high-fat diet conditions, TG had significantly accumulated in the liver of wild-type and Clock-mutant mice compared to mice under normal diet conditions ( Fig. 2C and Table 2 ). However, the accumulation of liver TG in Clock-mutant mice was significantly lower than that of wild-type mice ( Fig. 2C and Table 2 ).
Regardless of genotype or food conditions, there was no rhythm to the serum TG concentration (Fig.  2D ,E and Table 1 ). Under normal diet conditions, there were no differences in serum TG between the 2 genotypes ( Fig. 2F and Table 2 ), although serum TG had significantly accumulated in both genotypes under high-fat diet conditions compared to normal diet conditions ( Fig. 2F and Table 2 ). Clock-mutant mice tended to have a higher serum TG than wildtype mice under high-fat diet conditions, but this tendency was not significant ( Fig. 2F and Table 2 ).
Under normal diet conditions, wild-type mice showed a significant rhythm in serum FFA concentration ( Fig. 2G and Table 1 ), while Clock-mutant mice 
Degrees of freedom = 5, 24. Corresponds to Figure 2 . ND, normal diet; HF, high-fat diet; TG, triglycerides; FFA, free fatty acids; ANOVA, analysis of variance; (+/+), wild-type mice; (-/-), Clock-mutant mice. did not ( Fig. 2G and Table 1 ). Under high-fat diet conditions, wild-type and Clock-mutant mice did not show significant rhythmicity ( Fig. 2H and Table 1 ). Under normal diet conditions, there were no differences in serum FFA between the genotypes ( Fig. 2I and Table 2 ), while FFA in Clock-mutant mice on a high-fat diet showed significant accumulation compared to wild-type mice ( Fig. 2I and Table 2 ). With a normal diet, there were differences in the circadian rhythms of liver TG between genotypes (Table 3) . There were also differences in the expression profiles of liver TG in Clock mutants on a high-fat versus a normal diet.
Oil Red O Stain of the Liver
We next performed a histological analysis to confirm TG accumulation in the liver. Wild-type and Clock-mutant mice were fed a normal or high-fat diet for 13 weeks, and then livers were dissected. Under normal diet conditions, neither wild-type nor Clockmutant mice showed any staining with oil red O during the liver preparation (Fig. 3A,B ,E,F), while both wild-type and Clock-mutant mice on a high-fat diet showed oil red O staining in the liver tissue ( Fig.  3C,D,G,H) . In high-fat diet conditions, the liver tissue of Clock-mutant mice was weakly stained compared to wild-type mice (Fig. 3C,D,G,H) , and the results corresponded well to liver TG levels ( Fig. 2A-C) .
Effect of a High-Fat Diet on Clock Genes and Clock-Controlled Lipogenetic Genes in the Liver
We investigated the expression level of clock and clock-controlled genes in the liver. Wild-type and Clock-mutant mice were fed a normal or high-fat diet for 13 weeks. Regardless of the food conditions, the Per2 gene in wild-type mice showed significant rhythmicity in the liver (1-way ANOVA, normal diet: F(5, 24) = 14.6, p < 0.01; high-fat diet: F(5, 24) = 11.5, p < 0.01, Fig. 4A ), and there was no significant effect of food condition on genotypes × ZT by 2-way ANOVA, F(5, 48) = 0.7, p > 0.05 (Fig. 4A) . Regardless of the food conditions, the Per2 gene in Clock-mutant mice did not show any significant rhythmicity (1way ANOVA, normal diet: F(5, 24) = 2.1, p > 0.05; 
Food conditions (ND vs. HF) × ZT or genotype differences ((+/+) vs. (-/-)) × ZT were applied (degrees of freedom = 5, 48). Corresponds to Figure 2 . ND, normal diet; HF, high-fat diet; TG, triglycerides; FFA, free fatty acids; ANOVA, analysis of variance; (+/+), wild-type mice;
(-/-), Clock-mutant mice. high-fat diet: F(5, 24) = 1.4, p > 0.05, Fig. 4B ), and there was no effect of food condition on genotypes × ZT by 2-way ANOVA, F(5, 48) = 0.5, p > 0.05 (Fig. 4B ). We next examined the Bmal1 gene in the liver. Similar to Per2 gene expression, the Bmal1 gene showed significant rhythmicity in the wild-type mouse liver, regardless of the food conditions (1-way ANOVA, normal diet: F(5, 24) = 10.8, p < 0.01; highfat diet: F(5, 24) = 6.4, p < 0.01, Fig. 4C ), and there was no effect of food condition on genotypes × ZT by 2way ANOVA, F(5, 48) = 1.4, p > 0.05 (Fig. 4C) . The Bmal1 gene continued to show significant rhythmicity in the liver of Clock-mutant mice regardless of the food conditions (1-way ANOVA, normal diet: F(5, 24) = 4.8, p < 0.01; high-fat diet: F(5, 24) = 8.4, p < 0.01, Fig. 4D ), and there was no effect of food condition on genotypes × ZT by 2-way ANOVA, F(5, 48) = 1.4, p > 0.05 (Fig. 4D) . Thus, a high-fat diet did not affect the expression of clock genes in the liver of either wildtype or Clock-mutant mice.
We next examined the effect of a high-fat diet on clock-controlled genes that are related to lipid metabolism in the liver. Recently, several papers have demonstrated the existence of lipid metabolismrelated clock-controlled genes (Panda et al., 2002; Oishi et al., 2003; Ueda et al., 2002) . Based on the information from previous studies, we decided to examine the mRNA expression of Fat, Fatp1, Fatp2, Acsl1, Acsl4, Fabp1, and Mtp. Under these experimental conditions, we could not find a circadian expression rhythm for Fat, Fatp1, and Acsl1 in the mouse liver. There was a circadian expression rhythm for Fatp2 and Mtp, but Clock mutation hardly affected the expression of this rhythm under normal or high-fat diet conditions. Therefore, we excluded the abovementioned genes from further analysis. We finally decided to focus on Fabp1 and Acsl4 gene expression in this experiment. With a normal diet, wild-type mice showed significant rhythmicity in Fabp1 gene expression ( Fig. 5A and Table 4 ), while Clock-mutant mice did not ( Fig. 5A and Table 4 ). Under normal diet conditions, Clock-mutant mice showed a lower Fabp1 gene expression than that of wild-type mice in terms of daily levels, but there was no significance (Fig. 5C and Table 5 ). With a normal diet, wild-type mice showed significant rhythmicity in Acsl4 gene expression ( Fig. 5D and Table 4 ), but Clock-mutant mice did not ( Fig. 5D and Table 4 ). Concerning daily levels, with a normal diet, Clock-mutant mice showed slightly lower levels than wild-type mice, but again there was no significance (Fig. 5F and Table 5 ).
Wild-type mice fed a high-fat diet showed a significant rhythmicity in Fabp1 gene expression ( Fig. 5B and Table 5 ), while Clock-mutant mice fed the same diet did not ( Fig. 5B and Table 5 ). Regarding Fabp1 daily levels, with a high-fat diet, Clock-mutant mice showed a significantly lower expression than wild-type mice ( Fig.  5C and Table 5 ). Wild-type mice on a high-fat diet also showed a significant rhythmicity in Acsl4 gene expression ( Fig. 5E and Table 5 ), while Clock-mutant mice did not ( Fig. 5E and Table 5 ). For Acsl4 daily levels, with a high-fat diet, Clock-mutant mice showed a significantly lower level of expression than wild-type mice (Fig. 5F and Table 5 ). Concerning Acsl4 gene expression in the liver, regardless of the food conditions, there were differences in circadian rhythms between the 2 genotypes (Table 6) .
Acute Feeding of a High-Fat Diet on TG and FFA Concentrations
For acute feeding of a high-fat diet, there were no significant differences in serum TG between genotypes (2-way ANOVA, F(3, 18) = 1.0, p > 0.05, Fig. 6A ). In terms of serum FFA, Clock-mutant mice exhibited significantly higher concentrations than wild-type mice (2way ANOVA, F(3, 18) = 6.6, p < 0.01, Fig. 6B ). With regard to liver TG, Clock-mutant mice had significantly lower levels than wild-type mice (2-way ANOVA, F(3, 18) = 4.5, p < 0.05, Fig. 6C ).
Regarding BW (Fig. 6D) , food intake (Fig. 6E) , and food intake by BW (Fig. 6F) , there were no significant differences between genotypes (Student t test, BW: Degrees of freedom = 5, 24. Corresponds to Figure 5 . ND, normal diet; HF, high-fat diet; ANOVA, analysis of variance; (+/+), wild-type mice;
(-/-), Clock-mutant mice. Table 4 ). C and F values are means ± ± SEM (n = = 30). Each value was compared by 2-way analysis of variance (Table 5) Degrees of freedom = 5, 24. Corresponds to Figure 5 . ND, normal diet; HF, high-fat diet; ANOVA, analysis of variance; (+/+), wild-type mice;
(-/-), Clock-mutant mice. p > 0.05, food intake: p > 0.05, food intake by BW: p > 0.05).
DISCUSSION
Clock-mutant mice with a C57BL/6J background died in their infancy because the dams did not look after them (Miller et al., 2004; Dolatshad et al., 2005; Kennaway et al., 2005) . Thus, we used Clock-mutant mice with an ICR background for this study. In this study, we demonstrated that Clock-mutant mice with an ICR background showed less obesity compared to wild-type mice when fed a high-fat diet. Under highfat diet conditions, opposite to the increase in serum TG and FFA levels, Clock-mutant mice showed less of an increase in liver TG levels, suggesting that the uptake of FFA into the liver may be impaired in Clockmutant mice versus wild-type mice fed the same diet.
The daily rhythm of Fabp1 and Acsl4 gene expression was also lost in the Clock-mutant mouse liver. A previous study by Oishi et al. suggested that Acsl4 is a so-called clock-controlled gene because it has an Ebox in the upstream promoter regulation sites (Oishi et al., 2003) . They also demonstrated that the Acsl4 day/night difference of gene expression is lost in the Clock-mutant mouse liver, as assessed by microarray analysis (Oishi et al., 2003) . Atshaves et al. (2005) reported that liver TG was low, and serum TG and serum fatty acids were high in Fabp1 knockout mice. Under the high-fat diet conditions in this study, the down-regulation of Fabp1 and Acsl4 in the Clockmutant mouse liver became obvious, and there were significant differences in mean daily expression levels between Clock-mutant and wild-type mice. ACSL4 is the key enzyme that synthesizes acyl-CoA from FFA (Faergeman and Knudsen, 1997) , and FABP1 is a protein that binds FFA and transports it into liver tissue (Atshaves et al., 2005) . Therefore, the down-regulation of Fabp1 and Acsl4 may slow triglyceride synthesis in the liver of Clock-mutant mice compared to wild-type mice. Corresponding to the decrease in liver TG synthesis, FFA in the serum may then become high in Clock-mutant mice compared to wild-type mice under high-fat diet conditions.
In accordance with the findings of Oishi et al. (2006a Oishi et al. ( , 2006b , Clock-mutant mice with an ICR background in this study showed less obesity when fed a high-fat diet. Oishi et al. believed that this finding was related to an impairment of lipid absorption in the small intestine. To confirm this idea, we acutely fed Clock-mutant mice a high-fat diet and observed FFA, TG in the serum, and TG in the liver 0.5, 1, and 3 h after feeding. We found that the acute intake of a highfat diet clearly elevated serum TG and FFA concentrations and less significantly elevated TG content in the liver of Clock-mutant mice versus wild-type mice. Compared to our results, Oishi et al. demonstrated that Clock-mutant mice exhibited less of an increase in serum TG and FFA after acute administration of olive oil, and liver TG content was not examined. This discrepancy may be due to the different source of lipids: the high-fat diet versus olive oil. Based on our own and other previous findings, we suggest that Clock mutation may cause deficient lipid transport from the intestine to the liver and a slowdown of lipid synthesis in the liver, which would explain why Clockmutant mice were prone to show less obesity when fed a high-fat diet. In the present experiments, we could not exclude the possibility of impairment of lipid efflux from the liver and lipid influx from the visceral fat into the liver under refeeding conditions. Therefore, further experiments are required to conclude this argument.
Recent experiments conducted by Reppert and coworkers using Clock knockout mice suggest that CLOCK is dispensable not only for rhythmic gene expression but also for behavior (Debruyne et al., 2006) , although Clock-mutant mice have exceedingly long periods or become arrhythmic. To elucidate whether Clock mutation affects lipid metabolism, we wanted to confirm our results using Clock knockout mice or mice with a mutation in other clock genes such as Bmal1 and Per2. Turek et al. (2005) demonstrated that Clock-mutant mice with a C57BL/6J background had a significant increase in BW and adipose tissue compared to wild-type mice and suggested that Clock-mutant mice could function as a good model of obesity. Their results, however, are very different from our own data and that of Oishi et al. (2006a Oishi et al. ( , 2006b . The reason for these differences may be due to differences in the background gene of Clock-mutant mice. In the reproduction performance of Clock-mutant mice, there were reports of different strain effects between C57BL (Miller et al., 2004) , CBA (Kennaway et al., 2005) , and ICR (Hoshino et al., 2006) strains. Oishi et al. demonstrated that Clockmutant mice carrying the ICR background exhibit less obesity than wild-type mice; however, Clockmutant mice carrying the C57BL background exhibit more obesity with the ob mutation compared to ob/ob mice (Oishi et al., 2006a (Oishi et al., , 2006b . Thus, the extent of obesity seems rather dependent on the difference in mouse strain than procedural or technical differences in experiments. At present, we have yet to elucidate any detailed mechanism for strain difference in Clock-mutant animals.
Pai-1, which has an E-box in the promoter region (Hua et al., 1999) , is known to be regulated by clock genes (Maemura et al., 2000) . That is why Clockmutant mice show an arrhythmic pattern of Pai-1 gene expression in the heart (Minami et al., 2002) and the liver (present results). In a previous study, we found that Pai-1 gene expression in the liver was up-regulated in db/db obese mice (Kudo et al., 2004) . Thus, TG accumulation in the liver may facilitate Pai-1 gene expression in this organ. In the present experiment, levels of Pai-1 gene expression were less up-regulated in Clockmutant mice versus wild-type mice on a high-fat diet (data not shown). Oishi et al. reported that Clockmutant mice carrying ob/ob show higher Pai-1 expression in the liver than in the adipose tissue (Oishi et al., 2006a (Oishi et al., , 2006b ). Thus, Pai-1 gene expression may be sensitive to TG accumulation in the liver. However, expression of the Pai-1 gene is regulated not only by TG but also by other factors such as inflammatory cytokines, glucocorticoids, insulin, and angiotensin II in the liver (Alessi and Juhan-Vague, 2006) . Therefore, a change in multiple factors in Clock-mutant mice placed on a high-fat diet should be considered.
The potential relevance of the present findings, both in terms of fatty liver pathogenesis in the circadian deficit mouse model and the potential border application to human disease, is interesting. Epidemiological surveys of clock gene mutation and lipid metabolism in mice may confirm such a hypothesis. In conclusion, with high-fat diet conditions, Clock-mutant mice of the ICR background showed less TG accumulation in the liver compared to wild-type mice fed the same diet because of the down-regulation of Acsl4 and Fabp1 gene expression.
